The ability to produce folate of 76 Bifidobacterium strains was investigated. In order to 2 evaluate folic acid productivity, bifidobacteria were cultivated in the folate-free semi-synthetic 3 medium SM7. Most of tested strains needed folate for growth. The production and the extent of 4 vitamin accumulation were not related to the species but distinctive features of the single strains. 6 5 strains among the 17 that grew without folate produced significantly higher concentration of 6 vitamin (between 41 and 82 ng ml -1 ). The effects of exogenous folate and p-aminobenzoic acid 7 (PABA) concentrations on folate production were evaluated. Differently from most of the other 8 strains, the yield of B. adolescentis MB239 was not negatively affected by both PABA and 9 exogenous folic acid. Folate production by B. adolescentis MB239 was studied in the pH range of 10 colon environment. Moreover a comparison of folate production on raffinose, lactose and FOS, 11 which belong to 3 important groups of fermentable intestinal carbon sources, was established. 12 
Folate is a vitamin that accepts one-carbon units from donor molecules and is involved in 2 many metabolic pathways, such as methyl group biogenesis and synthesis of nucleotides, vitamins, 3 and some amino acids. Efficiency of DNA replication, repair and methylation are affected by folate 4 availability, therefore high amounts of folate are required by fast proliferating cells such as 5 leucocytes, erythrocytes and enterocytes (9). Folate deficiency is often associated with increased 6 cancer risk. Epidemiological studies indicated that low folate intake is related to increased risk of 7 postmenopausal breast cancer (21) and low folate homeostasis may induce hypomethylation of 8 DNA, thereby promoting cancer on the proliferating cells of the colon-rectal mucosa that supports 9 rapid and continuous renewal of the epithelium (10, 28). Furthermore, folate supplementation is 10 recommended also for patients with inflammatory bowel diseases (IBD), contributing to regulation 11 of rectal cell turnover (3). 12 Folate is widely distributed in biological world, intestinal bacteria being one source of this 13
vitamin. It has been demonstrated that folate synthesized by bacteria in the human intestine is 14 absorbed and used by the host (4, 8, 13, 14, 18) , however little is known about folate production by 15 the intestinal microbiota. Some informations are available about the parameters, such as external 16 pH, dilution rate, and p-aminobenzoic (PABA) concentration, that influence folate production by 17 lactic acid and starter bacteria used for the production of yoghurt, probiotic dairy products, and 18 cheeses (5, 15, 23). Moreover, efforts were accomplished toward the increased production of 19 natural bioavailable folate by Lactococcus lactis during food fermentation (22, 24, 25). It was also 20
shown that increased folate levels in yoghurts and fermented milks are possible through judicious 21 selection of inoculum species; nevertheless the folate levels remain relatively low in terms of 22 recommended daily allowance (5). 23
The present work investigated folate production by bifidobacteria. Bifidobacteria are gram-24 positive, saccharolytic, intestinal anaerobes. They acidify the large intestine restricting putrefactive 25 and potentially pathogenic bacteria, produce vitamins and amino acids, stimulate the immune 26 response, repress the conversion of primary bile salts, exert antiinflammatory activity and reduce 27
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Glucose was autoclaved separately and added to the sterile basal medium to obtain the 1 concentration of 20 g L -1 . Faecal cultures were carried out in FM7 medium. FM7 medium was 2 based on complex medium described by Rycroft et al. (16) v/v) with exponential phase pre-cultures grown in the same medium. Samples were periodically 1 collected for dry weight (DW) measurement and folate analysis. 2 Anaerobic chemostat cultivation was carried out in 1 L SM7 medium at the dilution rate of 3 0.075 h -1 without control of pH. The fresh medium was mantained anaerobic by flushing filter-4 sterilized CO 2 into the headspace of the feeding tank. The fermentation was initiated batchwise by 5 directly inoculating the grown seed culture in the fermenter. As a minimum, five residence times 6 were allowed to elapse and steady state was considered attained when pH and biomass 7 concentration remained constant for at least two residence times. Steady state samples were 8 collected for biomass measurement and folate analysis. The effect of different carbon sources on 9 folate production was studied in continuous fermentations where glucose of medium SM7 was 10 replaced by lactose, fructose, raffinose or fructans. All fermentations were carried out in duplicate. 11
To prepare faecal cultures, fresh faeces were obtained from 7 healthy volunteers (4 men and 12 3 women) who had followed a pre/probiotic-free diet for 1 month and had not been treated with 13 antibiotics for at least 3 months. All preparations were done in an anaerobic cabinet (Anaerobic 14 System, Forma Scientific Co., Marietta, USA) under a N 2 85%, CO 2 10%, H 2 5% atmosphere. 
Folate analysis 22
Folate concentration was assayed on cell extracts and culture supernatants. 30 ml of culture 23 were centrifuged at 13000 × g for 10 min at 0°C. The supernatant was filtered through a 0.22 µm 24 filter. The biomass was washed with 0.05 M K-phosphate buffer pH 6.5 and the wet pellet was 25 resuspended 1:1 (w/v) in the same buffer. 0.5 g glass beads (≤ 106 µm, Sigma Aldrich) were added 26 to 1 ml suspension and cells were disrupted at 1800 rpm for 10 min at 4°C in a vibration 27
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on June 26, 2017 by guest http://aem.asm.org/ Downloaded from homogenizer (MS1 IKA, Wilmington, USA). The cell extract was heated at 100°C for 3 minutes to 1 release folate from folate binding proteins and to precipitate proteins, then it was centrifuged 2 (13000 × g, 15 min, 4°C) and filtered (0.22 µm). 3
Folate concentration was analyzed using the microbiological bioassay (7, 12) . For the 4 bioassay, Bacto Folic Acid Assay Medium (Difco Laboratories) was used with Enterococcus hirae 5 ATCC 8043 as the test organism, according to the protocol described by the medium manufacturer. 6
Total folate concentration, including poly-glutamyl folate, was analyzed after treating the samples 7 with human plasma (Sigma-Aldrich), as a source for γ-glutamyl hydrolase activity, at 37°C and pH 8 4.8 for 4 h. Microbiological assay measurements were replicated at least 10 times. 9
10

RESULTS
11
Screening 12 76 strains belonging to the genus Bifidobacterium, of human or animal origin, were screened 13 for their ability to grow in the folate-free synthetic medium SM7 that contained all nutrients for the 14 growth of bifidobacteria with exception of folic acid. Growth, pH and folate concentration were 15 evaluated after at least 7 subcultures in SM7 medium. All the 76 strains grew well in SM7 medium 16 supplemented with 1 µg/L folic acid (data not shown). In the absence of folate, 59 strains expired 17 within 3 passages and 17 grew abundantly for 7 passages and more (Tab. 1). Folate concentration in the cell-free supernatant was measured by microbiological assay on 25 48 h cultures. Folate was found in the supernatant of all the 17 strains that grew in SM7. Substantial 26 strain-to-strain differences were observed in the concentration, ranging between 0.6 and 82 ng ml pseudocatenulatum MB 116 and MB 237 were cultured in SM7 medium containing 0, 0.3, 10 or 22 100 µM PABA. For all the strains tested, the highest biomass yield was obtained at 0.3 µM PABA, 23 whereas growth was inhibited at 100 µM PABA. Folate was determined in the cell-free 24 supernatants of 7 th passage cultures ( fig. 3) . In each strain, in the absence of PABA the production 25 of folate was strongly reduced or suppressed, despite growth was not inhibited. A great variability 26 in folate production was observed among the tested strains with the increase of PABA 27 The kinetics of folate production by B. adolescentis MB239 was investigated by means of 6 pH controlled batch fermentations. Production was growth associated and occurred mostly during 7 the exponential phase (fig. 4) . The effect of pH on folate production was studied in batch 8 experiments with the pH kept constant to 5.7, 6.0, 6.3, 6.6 or 6.9. Folate concentration was 9 measured by microbiological bioassay after 24 h of anaerobic cultivation. Average yields ranged 10 between 49.5 and 53.1 ng ml -1 and no statistically significative differences were observed as a 11 function of the pH (p ≤ 0.05). 12
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To study whether folate production in B. adolescentis MB239 can be affected by the carbon Faecal bottles that were not inoculated with B. adolescentis MB 239 didn't show any change 1 in folate concentration (27.0 ng ml -1 (SD 8.2 ng ml -1 ) and 28.3 ng ml -1 (SD 11.9 ng ml -1 ) at 0 and 48 2 h, respectively), whereas the presence of B. adolescentis MB 239 led to a significant increase of 3 vitamin concentration from 28.3 ng ml -1 (SD 11.9 ng ml -1 ) to 52.8 ng ml -1 (SD 1.8 ng ml -1 ). 4 5 DISCUSSION 6 In the perspective to develop a probiotic that provide proliferating colonocytes with folic 7 acid, 76 wild-type Bifidobacterium strains were screened for folate production. The results of this 8 investigation demonstrated that supplementation of folate was necessary for growth of most of the 9 screened strains. The ability to grow on SM7 medium and to produce folate was found in 17 human 10 strains belonging to 9 different species. Folate production as well as the extent of vitamin 11 accumulation were not common characteristics of the species but seemed to be traits of the single 12 pseudocatenulatum (MB 116 and MB 237). To clarify whether bifidobacteria accumulated folate orexcreted it into the medium, intracellular folate concentration was determined in these strains. 23
Intracellular folate accumulation was also much heterogeneous and strain-dependent, since it ranged 24 between 9 and 38 % of total vitamin production. 25
It is remarkable that our study provided results rather different than previous studies.
Folate production by B. adolescentis MB 239 was deeply studied by means of batch and 1 chemostat experiments; as expected production was growth-associated in agreement with previous 2 studies (15). Batch fermentations were carried out at different pH set points in the range from 5.7 to 3 6.9. Such a pH range was chosen to resemble the pH range of colon environment. No statistically 4 significative differences in folate production were observed as a function of the pH. Hence, the 5 probiotic strain B. adolescentis MB 239 may possibly be effective as folate-producer in intestinal 6 pH range. Our study provided new perspectives on more specific use of probiotics, such as preventing 1 localized folate deficiency that is associated with pre-malignant changes in colonic epithelia. The 2 oral administration of folate-producing probiotic strains could more efficiently confer protection 3 against inflammation and cancer both exerting the beneficial effects of bifidobacteria and delivering 4 folate to colon-rectal cells. 5 6
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